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HIGH-EFFICIENCY AMPLIFIER OUTPUT LEVEL 
AND BURST CONTROL 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to amplifier output level control. 

2. State of the Art 

Battery life is a significant concern in wireless communications devices 

such as cellular telephones, pagers, wireless modems, etc. Radio-frequency trans- 
mission, especially, consumes considerable power. A contributing factor to such 
power consumption is inefficient power amplifier operation. A typical RF power 
amplifier for wireless communications operates with only about 10% efficiency. 
Clearly, a low-cost technique for significantly boosting amplifier efficiency would 
satisfy an acute need. 

Furthermore, most modern digital wireless communications devices oper- 
ate on a packet basis. That is, the transmitted information is sent in a series of one 
or more short bursts, where the transmitter is active only during the burst times and 
inactive at all other times. It is therefore also desirable that control of burst activa- 
tion and deactivation be controlled in an energy-efficient manner, further contrib- 
uting to extended battery life. 

Power amplifiers are classified into different groups: Class A, Class B, 
Class AB, etc. The different classes of power amplifiers usually signify different 
biasing conditions. In designing an RF power amplifier, there is usually a trade-off 
between linearity and efficiency. The different classes of amplifier operation offer 
designers ways to balance these two parameters. 

Generally speaking, power amplifiers are divided into two different catego- 
ries, linear and non-linear. Linear amplifiers (e.g. Class A amplifiers and Class B 
push-pull amplifiers), maintain high linearity, resulting in faithful reproduction of 
the input signal at their output since the output signal is linearly proportional to the 
input signal. In non-linear amplifiers (e.g. single-ended Class B, and Class C 
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amplifiers), the output signal is not directly proportional to the input signal. The 
resulting amplitude distortion on the output signal makes these amplifiers most 
applicable to signals without any amplitude modulation, which are also known as 
constant-envelope signals. 

Amplifier output efficiency is defined as the ratio between the RF output 
power and the input (DC) power. A major source of power amplifier inefficiency is 
power dissipated in the transistor. A Class A amplifier is inefficient since current 
flows continuously through the device. Conventionally, efficiency is improved by 
trading-off linearity for increased efficiency. In Class B amplifiers, for example, 
biasing conditions are chosen such that the output signal is cut off during half of 
the cycle unless the opposing half is provided by a second transistor (push-pull). 
As a result, the waveform will be less linear. The output waveform may still be 
made sinusoidal using a tank circuit or other filter to filter out higher and lower 
frequency components. 

Class C amplifiers conduct during less than 50% of the cycle, in order to 
further increase efficiency; i.e., if the output current conduction angle is less than 
180 degrees, the amplifier is referred to as Class C. This mode of operation can 
have a greater efficiency than Class A or Class B, but it typically creates more dis- 
tortion than Class A or Class B amplifiers. In the case of a Class C amplifier, there 
is still some change in output amplitude when the input amplitude is varied. This is 
because the Class C amplifier operates as a controlled current source— albeit one 
that is only on briefly— and not a switch. 

The remaining classes of amplifiers vigorously attack the problem of 
power dissipation within the transistor, using the transistor merely as a switch. The 
underlying principle of this amplifier is that a switch ideally dissipates no power, 
for there is either zero voltage across it or zero current through it. Since the 
switch's V-I product is therefore always zero, there is no dissipation in this device. 
A Class E power amplifier uses a single transistor, in contrast with a Class D 
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power amplifier, which uses two transistors 

In real life, however, switches are not ideal. (Switches have turn on/off 
time and on-resistance.) The associated dissipation degrades efficiency. The prior 
art has therefore sought for ways to modify so-called "switch-mode" amplifiers (in 
which the transistor is driven to act as a switch at the operating frequency to mini- 
mize the power dissipated while the transistor is conducting current) so that the 
switch voltage is zero for a non-zero interval of time about the instant of switching, 
thereby decreasing power dissipation. The Class E amplifier uses a reactive output 
network that provides enough degrees of freedom to shape the switch voltage to 
have both zero value and zero slope at switch turn-on, thus reducing switching 
losses. Class F amplifiers are still a further class of switch-mode amplifiers. Class 
F amplifiers generate a more square output waveform as compared to the usual 
sinewave. This "squaring-up" of the output waveform is achieved by encouraging 
the generation of odd-order harmonics (i.e., x3, x5, x7, etc.) and suppressing the 
even-order harmonics (i.e., x2, x4, etc.) in the output network. 

An example of a known power amplifier for use in a cellular telephone is 
shown in Figure 1. GSM cellular telephones, for example, must be capable of pro- 
gramming output power over a 30dBm range. In addition, the transmitter turn-on 
and turn-off profiles must be accurately controlled to prevent spurious emissions. 
Power is controlled directly by the DSP (digital signal processor) of the cellular 
telephone, via a DAC (digital to analog converter). In the circuit of Figure 1, a sig- 
nal GCTL drives the gate of an external AGC amplifier that controls the RF level 
to the power amplifier. A portion of the output is fed back, via a directional cou- 
pler, for closed-loop operation. The amplifier in Figure 1 is not a switch-mode 
amplifier. Rather, the amplifier is at best a Class AB amplifier driven into satura- 
tion, and hence demonstrates relatively poor efficiency. 
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Survey of Prior Patents 

Control of the output power from an amplifier is consistently shown as 
requiring a feedback structure, as exemplified in U.S. Patents 4,392,245; 
4,992,753; 5,095,542; 5,193,223; 5,369,789; 5,410,272; 5,697,072 and 5,697074. 
Other references, such as U.S. Patent 5,276,912, teach the control of amplifier out- 
put power by changing the amplifier load circuit. U.S. Patent 4,994,757 teaches 
that the power supply voltage can be varied to improve the efficiency of power 
amplifiers, but that further control of the actual amplifier output signal magnitude 
requires automatic control through a feedback process. U.S. Patent 5,126,688 
addresses the control of linear amplifiers using feedback control to set the actual 
amplifier output power combined with periodic adjustment of the power amplifier 
operating voltage to improve the operating efficiency of the power amplifier. U.S. 
Patent 5,604,924 teaches a simplified control system for an analog cellular tele- 
phone. The operating voltage of a power amplifier operated in Class C is fed back 
and used to adjust the output power through operation of a variable voltage circuit 
implemented as a switch-mode DC-DC converter. 

Despite the teachings of the foregoing references, a number of problems 
remain to be solved, including the following: simple control of amplifier output 
power, without the need for feedback or circuit configuration changes; allowing 
the amplifier to support bursted operation, such as in a time-division multiple 
access (TDMA) system; maintenance of high efficiency amplifier performance 
during power control changes, and high efficiency of DC to RF conversion from 
the original power supply through the amplifier, even during TDMA bursted oper- 
ation; and elimination of incidental amplitude modulation of the power amplifier 
from ripple noise on the output of the switch-mode DC-DC converter. 

SUMMARY OF THE INVENTION 
The present invention, generally speaking, provides for high-efficiency 
power control of a high-efficiency (e.g., hard-limiting or switch-mode) power 
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amplifier. In one embodiment, the invention exploits the recognition that, for a 
constant-resistance circuit, power is equal to the square of the voltage across the 
circuit divided by the resistance of the circuit In the case of certain switch mode 
amplifiers, such as Class E and Class F amplifiers, as well as saturated linear 
amplifiers, the amplifier may reasonably be regarded as having a constant resis- 
tance with varying power supply. In an exemplary embodiment, the supply voltage 
is controlled using a combination of two stages, a switch-mode converter stage that 
accomplishes gross power level control and a subsequent linear regulator stage 
that accomplishes more precise power envelope control, e.g., burst control. Con- 
trol circuitry for the amplifier is simplified by combining control signals for power 
amplifier ramp-up transition, power level during a TDMA burst, and ramp-down 
transition, into a single control signal, and by eliminating feedback control (which 
also eliminates errors in the feedback control of output power due to the use of 
detecting diodes). Output noise from the variable output switch-mode voltage con- 
verter stage is filtered using the linear regulator stage that accomplishes burst con- 
trol, further increasing circuit efficiency. Energy efficiency during ramp-up to the 
desired output power, during the burst at all output power levels, and during ramp- 
down from the transmitted power, is maximized. Reasonable expected efficiencies 
for the switch-mode converter stage and the linear regulator stage are 90% and 
80%, respectively. A high-efficiency switch-mode amplifier may have an effi- 
ciency on the order of 80%, enabling an overall efficiency of greater than 50% to 
be achieved, comparing very favorably with current efficiencies of about 10%. 

BRIEF DESCRIPTION OF THE DRAWING 
The present invention may be further understood from the following 
description in conjunction with the appended drawing. In the drawing: 

Figure 1 is a block diagram of a known power amplifier with output power 
controlled by varying the power supply voltage; 
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Figure 2 is a plot comparing saturated Class AB power amplifier out put 
power versus operating voltage with the mathematical model V = JPR ; 

Figure 3 is a block diagram of a power amplifier in accordance with an 
exemplary embodiment of the present invention; 

Figure 4 is a waveform diagram illustrating operation of one embodiment 
of the invention; and 

Figure 5 is a waveform diagram illustrating operation of another embodi- 
ment of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Referring now to Figure 3, a block diagram is shown of a power amplifier 
in accordance with an exemplary embodiment of the present invention. A switch- 
mode (or saturated) nonlinear amplifier has applied to it a voltage produced by a 
power control stage. In an exemplary embodiment, the voltage V applied to the 
nonlinear amplifier is controlled substantially in accordance with the equation 

V = JPR 

where P is the desired power output level of the amplifier and R is the resistance of 
the amplifier. In the case of a switch-mode or saturated amplifier, the resistance R 
may be regarded as constant. The power control stage receives a DC input voltage, 
e.g., from a battery, and receives a power level control signal and outputs a voltage 
in accordance with the foregoing equation. 

The efficacy of directly controlling output power of nonlinear amplifiers 
over a wide dynamic range by solely varying the operating voltage is demonstrated 
by Figure 2, showing a plot comparing saturated Class AB power amplifier output 
power versus operating voltage with the mathematical model V = JPR . 

Referring now to Figure 3, a power control circuit in accordance with an 
exemplary embodiment of the invention is shown. A power control stage includes 
a switch-mode converter stage and a linear regulator stage connected in series. The 
switch-mode converter may be a Class D device, for example, or a switch-mode 
power supply (SMPS). The switch-mode converter efficiently steps down the DC 
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voltage to a voltage that somewhat exceeds but that approximates the desired 
power-amplifier operating voltage level. That is, the switch-mode converter per- 
forms an efficient gross power level control. The switch-mode converter may or 
may not provide sufficiently fine control to define ramp portions of a desired 
power envelope. 

The linear regulator performs a filtering function on the output of the 
switch-mode converter. That is, the linear regulator controls precise power-enve- 
lope modulation during a TDMA burst, for example. The linear regulator may or 
may not provide level control capabilities like those of the switch-mode converter. 

Note that, depending on the speed of the switch-mode converter and the 
linear regulator, the power control stage may be used to perform power control 
and/or amplitude modulation. A control signal PL/BURST is input to a control 
block, which outputs appropriate analog or digital control signals for the switch- 
mode converter and the linear regulator. The control block may be realized as a 
ROM (read-only memory) and/or a DAC (digital to analog converter). 

Referring to Figure 4, a waveform diagram is shown, illustrating operation 
of one embodiment of the invention. The waveforms A and B represent analog 
control signals applied to the switch-mode converter and to the linear regulator, 
respectively. The waveforms and V 2 represent the output voltages of the 
switch-mode converter and to the linear regulator, respectively. Assume that the 
switch-mode converter has a relatively large time constant, i.e., that it ramps rela- 
tively slowly. When the control signal A is set to a first non-zero power level, the 
voltage Vj will then begin to ramp toward a commensurate voltage. Because of the 
switch-mode nature of the converter, the voltage Vj may have a considerable 
amount of ripple. An amount of time required to reach that voltage defines the 
wakeup period. When that voltage is reached, the control signal B is raised and 
lowered to define a series of transmission bursts. When the control signal B is 
raised, the voltage V 2 ramps quickly up to a commensurate voltage, and when the 
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control signal B is lowered, the voltage V 2 ramps quickly down. Following a series 
of bursts (in this example), the control signal A is raised in order to increase the RF 
power level of subsequent bursts. The control signal B remains low during a wait 
time. When the voltage Vj has reached the specified level, the control signal B is 
then raised and lowered to define a further series of transmission bursts. 

The voltage V 2 is shown in dotted lines superimposed on the voltage Vj. 
Note that the voltage V 2 is less than the voltage by a small amount, greater than 
the negative peak ripple on the voltage Vj. This small difference between the input 
voltage of the linear regulator V 1 and the output voltage of the linear regulator V 2 
makes overall high-efficiency operation possible. 

Referring to Figure 5, in accordance with a different embodiment of the 
invention, the switch-mode converter is assumed to have a relatively short time 
constant; i.e., it ramps relatively quickly. Hence, when the control signal A is 
raised, the voltage ramps quickly to the commensurate voltage. The control sig- 
nal B is then raised, and the voltage V 2 is ramped. The time difference between 
when the control signal A is raised on the control signal B is raised defines the 
wake up time, which may be very short, maximizing sleep time and power savings. 
The control signal B is then lowered at the conclusion of the transmission burst, 
after which the control signal A is lowered. Following the example of Figure 4, in 
Figure 5, when the control signal A is next raised, it defines a higher power level. 
Again, the voltage V 2 is superimposed in dotted lines on the voltage V x . 
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It will be appreciated by those of ordinary skill in the art that the invention 
can be embodied in other specific forms without departing from the spirit or essen- 
tial character thereof. The presently disclosed embodiments are therefore consid- 
ered in all respects to be illustrative and not restrictive. The scope of the invention 
is indicated by the appended claims rather than the foregoing description, and all 
changes which come within the meaning and range of equivalents thereof are 
intended to be embraced therein. 
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What is claimed is: 

1 . A variable output RF power amplifier comprising: 

voltage regulator means for producing a specified voltage within a 
range of voltages in accordance with a control signal; and 

a power amplifier having the specified voltage as a supply voltage. 

2. The apparatus of Claim I, wherein the voltage regulator means 
comprises a first switch-mode converter stage and a second linear regulator stage. 

3. The apparatus of Claim 2, wherein the switch-mode converter stage 
provides coarse level control and the linear regulator stage provides fine ramp con- 
trol 

4. The apparatus of Claim 3, wherein the power amplifier is hard-lim- 
ited. 

5. The apparatus of Claim 4, wherein the power amplifier is a satu- 
rated amplifier selected from the group of Class A and Class AB amplifiers. 

6. The apparatus of Claim 3, wherein the power amplifier is a switch- 
mode amplifier. 

7. The apparatus of Claim 3, wherein the power amplifier is a Class C 
amplifier. 

8. The apparatus of Claim 2, wherein the switch-mode converter stage 
provides level control and ramp control. 

9. The apparatus of Claim 2, wherein the linear regulator stage pro- 
vides ramp control and level control. 
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10. The apparatus of Claim 2, further comprising means for receiving 
said control signal and in response thereto producing a first control signal for the 
switch-mode converter stage and a second control signal for the linear regulator 
stage. 

1 L A method of controlling a power level of a power amplifier, com- 
prising: 

generating a specified voltage in accordance with a control signal; 

and 

applying the specified voltage to a power amplifier as a supply volt- 
age of the switch-mode power amplifier. 
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ABSTRACT OF THE DISCLOSURE 
The present invention, generally speaking, provides for high-efficiency 
power control of a high-efficiency (e.g., hard-limiting or switch-mode) power 
amplifier. In one embodiment, the invention exploits the recognition that, for a 
constant-resistance circuit, power is equal to the square of the voltage across the 
circuit divided by the resistance of the circuit. In the case of certain switch mode 
amplifiers, such as Class E and Class F amplifiers, as well as saturated linear 
amplifiers, the amplifier may reasonably be regarded as having a constant resis- 
tance with varying power supply. In an exemplary embodiment, the supply voltage 
is controlled using a combination of two stages, a switch-mode converter stage that 
accomplishes gross power level control and a subsequent linear regulator stage 
that accomplishes more precise power envelope control, e.g., burst control. Con- 
trol circuitry for the amplifier is simplified by combining control signals for power 
amplifier ramp-up transition, power level during a TDMA burst, and ramp-down 
transition, into a single control signal, and by eliminating feedback control (which 
also eliminates errors in the feedback control of output power due to the use of 
detecting diodes). Output noise from the variable output switch-mode voltage con- 
verter stage is filtered using the linear regulator stage that accomplishes burst con- 
trol, further increasing circuit efficiency. Energy efficiency during ramp-up to the 
desired output power, during the burst at all output power levels, and during ramp- 
down from the transmitted power, is maximized. Reasonable expected efficiencies 
for the switch-mode converter stage and the linear regulator stage are 90% and 
80%, respectively. A high-efficiency switch-mode amplifier may have an effi- 
ciency on the order of 80%, enabling an overall efficiency of greater than 50% to 
be achieved, comparing very favorably with current efficiencies of about 10%. 
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